In mammals, dosage compensation at X-linked loci is achieved by the process of X chromosome inactivation in the homogametic sex. While most genes on the inactive X chromosome (Xi) are subjected to transcriptional inactivation, some escape inactivation and present biallelic expression. The expression status of X-linked genes has been extensively studied in somatic cell hybrids containing only the human Xi. Although this approach has recently been used to generate a profile of X-linked gene activity, it may not reflect what happens in a normal human cell. The recent development of a database of single nucleotide polymorphisms (SNPs) throughout the human genome enables investigation of allele-specific gene expression in normal human cells. In this study, we established a panel of X-linked expressed SNPs (cSNPs). These markers were used for monitoring gene expression in primary human fibroblast cell lines with completely skewed XCI, demonstrating the potential of this system for studying X-linked gene expression in normal human cells.
Introduction
X chromosome inactivation (XCI) is the process by which dosage compensation of X-linked genes between XY males and XX females is achieved in mammals.
1 It consists in the transcriptional silencing of one of the two female X chromosomes early in embryogenesis, a process that still remains to be fully understood.
One interesting aspect of this puzzle is the pattern of gene expression from the inactive X chromosome (Xi). Most genes in that chromosome are subject to inactivation. However, the abnormal phenotypes associated with X chromosome aneuploidies indicate that some genes must be expressed from both Xs. Indeed, a number of X-linked genes were shown to escape inactivation and to have biallelic expression (reviewed in ref. 2) . Moreover, a novel pattern of X-linked gene expression has recently been identified, where a gene may present either monoallelic or biallelic expression depending on the cell type.
3-5
Thus, as more detailed studies of Xi gene expression are performed, the mechanism of maintenance of XCI appears to be more complex than previously imagined. Determination of Xi gene activity will allow the identifi- cation of genes critical for the etiology of X chromosome aneuploidies, in particular Turner's syndrome. In addition, it will help us understand the process of XCI and the evolution of the sex chromosomes. Until now, the system most extensively used for studying Xi gene expression has been rodent/human somatic cell hybrids. Analysis of hybrids containing either the active X (Xa) or Xi have aided the characterization of several genes expressed exclusively from one or both X chromosomes, including the XIST gene. 4, 6 However, given the unnatural characteristic of the hybrid cells, one cannot ensure that normal control of gene activity is faithfully reproduced in this system.
Recently, Carrel and Willard 3 studied patterns of expression of seven X-linked genes in a panel of primary human fibroblasts with completely skewed XCI using expressed polymorphisms. This system lead to the identification of a novel pattern of X-linked gene activity, where, depending on the cell line, the REP1 gene showed monoallelic or biallelic expression. The same approach was used by Kutsche and Brown 7 for the expression analysis of six X-linked genes.
In this report, we extend the analysis of X-linked expressed polymorphisms by establishing a larger panel of expressed sequences containing single nucleotide polymorphisms (SNP-EST) along the X chromosome. Allele-specific expression of these SNP-ESTs was inves-tigated in primary normal human fibroblasts with nonrandom XCI. We demonstrate the potential of this approach to generate a more accurate profile of X-linked gene expression, and propose that gene activity in the X chromosome be studied in normal human cells.
Materials and Methods

Identification of SNP-containing ESTs (SNP-EST)
The data available on each SNP listed on the X chromosome report in the SNP database (dbSNP) at the National Center for Biotechnology Information (NCBI) (http://www.ncbi.nlm.nih.gov/SNP/index.html) was analyzed. Based on the origin of the SNP-containing sequence described in the SNP report, we identified those X-linked SNPs that are derived from either cDNA or EST sequences.
Expression of SNP-EST in different human tissues
Total RNA was extracted from human primary fibroblasts, lymphocytes and chorionic villi by the Trizol method (Gibco) according to manufacturer's protocol. RNA samples were treated with DNaseI (Gibco) before reverse transcription to avoid DNA contamination of cDNA samples. Five to ten micrograms of RNA were used for first strand cDNA synthesis using the RT-PCR Kit (Stratagene) according to manufacturer's instructions. To control for DNA contamination of the cDNA samples, cDNA synthesis was performed in the presence or in the absence of reverse transcriptase. One to two microliters of the 50-µl reactions were used as a template for PCR amplification of each SNP-EST. Primers for PCR amplification of each SNP-EST are described in the dbSNP at the NCBI web site (http://www.ncbi.nlm.nih.gov/SNP/index.html). PCR reactions contained 0.5 µM of each primer, 0.1 µM dNTPs, 1 × Taq DNA polymerase buffer (Amersham) and 1.25 U of Taq DNA polymerase (Amersham) in a final volume of 25 µl. Thirty-five PCR cycles of 30 sec at 94
• C, 30 sec at 55
• C, and 30 sec at 72 • C were performed. Genomic DNA was used as positive control for amplification reactions.
Identification of novel SNPs
Ten overlapping ESTs from the Unigene cluster Hs.65406 were retrieved from the UniGene database (http://www.ncbi.nlm.nih.gov/UniGene/). Alignment of these sequences was performed using the CAP sequence assembly program. 8, 9 Sequence variations present in the middle region of more than two ESTs were considered potential cSNPs.
PCR primers USP1F (5 -TTCCTCCCAGTGATGGTCAG-3 ) and USP1R (5 -CCAACCACGCTTAGTTTTCC-3 ); USP2F (5 -GGAAAAACTAAGCGTGGTTGG-3 ) and USP2R (5 -TCCTGCTTAGCATCTCAAAC-3 ) were used to amplify cSNP containing sequences of Hs.65406 from both genomic DNA and cDNA. PCR conditions were the same as described in the previous section.
Cell lines
Human primary fibroblast cell lines were obtained form the NIGMS Human Genetic Cell Repository (http://locus.umdnj.edu/nigms/). Four cell lines derived from female carriers of Lesh-Nyham Syndrome were selected (GM2226, GM13A, GM135, GM1661). Each cell line is heterozygous for a mutation in the hypoxanthine guanine phosphoribosyltransferase 1 (HPRT) gene (HPRT +/−). Subpopulations of cells with completely skewed XCI were obtained by selection of fibroblasts in media containing 8-azaguanine (8-aza) or HAT (hypoxanthine, aminopterin, thymidine), as described. 
Genotyping
Each original cell line was genotyped at the 13 SNP-EST expressed in fibroblasts by PCR amplification of 50 ng of genomic DNA and direct sequencing of PCR products. Two microliters of PCR products were purified with 1 U of Exonuclease I (Amersham) and 1 U of Shrimp Alkaline Phosphatase (Usb) according to the manufacture's instructions. Purified samples were sequenced by using 25 ng of respective primer and the Perkin-Elmer Big-Dye reagent kit with ABI377 sequencer, according to the manufacturer's instructions (Perkin-Elmer).
Results and Discussion
As of March 2001, the SNP database (dbSNP) at the NCBI contained 1844 X-linked SNPs. Analysis of the origin of those sequences revealed that 141 are within expressed sequences, corresponding to 99 different genes (data not shown). In addition, sequence comparison of 10 overlapping ESTs within the Hs.65406 identified five novel putative cSNPs, named USP-1 through 5 (data not shown). Currently, SNPs identified along the X chromosome can be viewed with MapView at the NCBI, together with information on their position within genes (http://www.ncbi.nlm.nih.gov/cgibin/Entrez/maps.cgi?org=hum&chr=X).
In order to validate the use of cSNPs for monitoring allele-specific gene expression on the X chromosome, a study was performed with 29 of these markers (Table 1 ). An expression profile of the corresponding SNP-ESTs was established in fibroblasts, chorionic villi and lymphocytes (Table 1) . Each tissue presented restricted X-linked gene expression, which was concordant in 14 and discordant in 7 of the 21 SNP-ESTs analyzed. Thirteen SNP-EST were expressed in fibroblasts, and were therefore examined for allele-specific expression. In order to generate a precise profile of Xi gene activity, we developed an in vitro system to monitor allele-specific X-linked gene expression which more accurately mimics this process in vivo. Primary human fibroblast cell lines heterozygous for mutations in the HPRT gene were selected due to the possibility of deriving completely skewed cell populations by simple selection procedures in specific media. In addition, in contrast to originally skewed populations of primary cells carrying X chromosome aberrations, these have a normal karyotype. Selection in media containing 8-aza generated completely skewed populations of the original cell lines GM2226, GM13A, GM135, GM1661 with inactivation of the X chromosome containing the normal HPRT allele [GM2226(−), GM13A(−), GM135(−) and GM1661(−)]. HAT counterselection of the previously 8-aza-selected cells resulted in death of all cells, indicating that every cell had the X chromosome bearing an inactivated normal HPRT allele.
Cell lines were genotyped for the 13 SNP-EST expressed in human fibroblasts ( Table 2 , Fig. 1) . Neither of the 4 cell lines examined was informative for the putative cSNPs USP-1 through 5. Each cell line was informative for 1-4 cSNPs. One novel cSNP (C/G) was identified within the OA1 gene, 3 bp upstream of rs3044 (USP-6) ( Table 2) . Collectively, the cell lines were informative for eight cSNPs, corresponding to seven genes ( Table 2) .
We examined the potential of the cSNP system to monitor allele-specific X-linked gene activity by analyzing the pattern of expression of those X-linked SNP-ESTs in four human primary fibroblast cell lines. All seven cSNP-containing genes showed monoallelic expression in the cell lines examined ( Table 2 , Fig. 1 ). We confirmed that PIGA and EBP present monoallelic expression. 4 Our results also demonstrated monoallelic expression of OA1, which had been proposed to undergo XCI due to the mosaic phenotype associated with mutated alleles in heterozygocity.
11 In addition, we showed that the NONO and ZNF275 genes and the genes corresponding to the Hs.23558 Unigene cluster and WIAF-1872-STS are subjected to XCI.
Recently, an extensive profile of gene expression from the Xi was established by Carrel et al. 4 using a collection of somatic cell hybrids containing only that human chromosome. The authors identified 177 genes/ESTs subjected to XCI, 34 that escape inactivation, and 13 that showed a heterogeneous pattern of expression. Moreover, a non-random distribution of the first two classes of genes/ESTs throughout the X chromosome was found, where transcripts that escape inactivation (escapees) were preferentially located on Xp. The lack of detectable gene/EST expression was interpreted to be a result of XCI. However, one cannot exclude the possibility that those genes were not expressed at all in that cell type. Indeed, our data demonstrates heterogeneous X-linked gene expression in the tissues examined (Table 1) . In fact, only 13/21 genes/ESTs analyzed in the present study were transcriptionally active in primary human fibroblasts, indicating that X-linked gene expression is restricted in these cells. Thus, the study of Carrel et al.
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The approach of X-linked cSNPs analysis can also be employed to address the issue of heterogeneous gene expression from the Xi.
3-5 Panels of expressed SNP-ESTs may be generated for different cell types, as performed in this study for fibroblasts, lymphocytes and chorionic villi ( Table 1) . Analysis of these panels in clonal populations of different cell types will produce cell-specific outlines of Xi gene activity, thus extending the analysis of heterogeneous gene expression in that chromosome.
In conclusion, given the increasing number of cSNPs identified throughout the human genome, and the capability of deriving primary human cell lines with completely skewed patterns of XCI, X-linked gene expression should be studied in normal human cells. For that purpose, we generated an extensive panel of X-linked cSNPs. A similar approach can be extended to the analysis of autosomic cSNPs for the identification of imprinted genes. Therefore, the system proposed in this study may allow a more faithful analysis of allele-specific gene expression in humans.
